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ABSTRACT: The catastrophic impact and unpredictability of the Indian Ocean Monsoon (IOM) over South Asia are
evident from devastating floods, mudslides and droughts in one of the most densely populated regions of the globe.
However, our understanding as to how the IOM has varied in the past, as well as its impact on local environments, remains
limited. This is particularly the case for Sri Lanka, where erosional landscapes have limited the availability of well‐stratified,
high‐resolution terrestrial archives. Here, we present novel data from an undisturbed sediment core retrieved from the coastal
Bolgoda Lake. This includes the presentation of a revised Late Holocene age model as well as an innovative combination of
pollen, source‐specific biomarkers, and compound‐specific stable carbon isotopes of n‐alkanes to reconstruct the shifts in
precipitation, salinity and vegetation cover. Our record documents variable climate between 3000 years and the present,
with arid conditions c. 2334 and 2067 cal a BP. This extreme dry period was preceded and followed by more wet conditions.
The high‐resolution palaeoenvironmental reconstruction fills a major gap in our knowledge on the ramifications of IOM
shifts across South Asia and provides insights during a time of major redistribution of dense human settlements across Sri
Lanka. © 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
Seasonal migration of the Inter‐Tropical Convergence Zone
(ITCZ) over the equatorial region drives the Indian Ocean
Monsoon (IOM) system that brings water for agriculture and
drinking purposes to one of the most densely populated parts
of the globe. The IOM dictates the amount of precipitation and
distribution of vegetation across the vastly diverse landmass of
South Asia (Tierney et al., 2008), with the region being
extremely sensitive to annual fluctuations in its position and
intensity. Variability in the IOM has led to the increasing
frequency of extreme events, such as flash floods, mudslides,
or droughts (Ratnayake and Herath, 2005; Mirza, 2011). This is
particularly the case for the island of Sri Lanka, which sits at an
equatorial position in the Indian Ocean and has experienced
an increasing frequency of extreme events that have serious
consequences for human mortality, disruption and loss of
property (Zubair et al., 2006). Changes in the ITCZ and IOM in
the past would almost certainly have had similar dramatic
consequences for South Asian environments and dense human
populations in the recent past, with potential insights into the
likely tempo and nature of future changes. Yet high‐resolution,
multi‐disciplinary palaeoenvironmental records remain con-
spicuously rare for many parts of South Asia.
Sri Lanka is an ideal place to reconstruct past changes in the
ITCZ and IOM, given its central position in the Indian Ocean and
the sensitivity of terrestrial landscapes to fluctuations in
precipitation. The central highlands of Sri Lanka, with a
maximum altitude of 2524m a.s.l., act as an orographic barrier,
confining the moisture‐rich summer (southwest) monsoon to the
southwestern part of the island. Meanwhile, the retreating winter
(northeast) monsoon affects the northeastern part of the island.
These monsoons result in the development of local climate zones
that are identified as wet, dry and intermediate (Malmgren
et al., 2003; Fig. 1). Significant sub‐millennial IOM variability has
been highlighted for Late Holocene South Asia (Moy et al., 2002;
Ponton et al., 2012), and may have led to increasing aridity and
unpredictability of rainfall in southern India (Fuller et al., 2007;
Roberts et al., 2015), as well as the northern dry zone in Sri Lanka
(Gilliland et al., 2013). While some palaeoenvironmental
records exist for Sri Lanka, tracing the changes in monsoon
intensity (Premathilake and Risberg, 2003; Premathilake and
Gunatilaka, 2013; Gayantha et al., 2017; Ratnayake et al., 2017),
they are poorly dated, analysed using a few palaeoenvironmental
proxies, or represent environmentally and spatially isolated sites
far from key centres of past and present human agriculture or
urban centres. The paucity of sedimentary archives is, in part, a
consequence of the fact that intense erosional surfaces are a
product of the steep geomorphological setting in Sri Lanka,
which limits the formation of sedimentary repositories such as
natural lakes.
Bolgoda Lake, a semi‐closed, brackish archive, with limited
marine influence, is emerging as a promising locale for
studying terrestrial Holocene palaeoenvironmental changes
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in southwestern Sri Lanka (Gayantha et al., 2017; Ratnayake
et al., 2017, 2019). However, uncertainties of dating and a lack of
the application of molecular level palaeoenvironmental proxies,
which have been shown to provide a greater environmental
resolution than bulk or traditional approaches, necessitate further
study. Tropical coastal water bodies like Bolgoda Lake are
normally surrounded by thriving mangrove vegetation that has
become one of the major organic matter (OM) sources of the lake
or lagoon sediments. The trees possess special adaptations for
surviving under different saline and arid conditions that control
the density and species proportion under mangrove cover
(Kumaran et al., 2005; Goldstein and Santiago, 2016). Therefore,
quantitative analysis of geochemical signatures specific to the
mangrove vegetation, together with pollen counts, can provide
important information about the fluctuations in salinity, arid
conditions and related environmental settings.
We focus on a 4.1m long sediment core in order to reconstruct
the Late Holocene climate and environmental history of western
Sri Lanka. We apply radiocarbon dating to mollusc shells in order
to constrain the age of the core, while combining source‐specific
diagnostic biomarkers (n‐alkanes, n‐alkanoic acids, n‐alkanols and
triterpenols), compound‐specific carbon isotope signature in
n‐alkanes and traditional pollen analysis. This record gives us
the opportunity to develop the most comprehensive understanding
of fluctuations in vegetation and landscape changes in the vicinity
of the capital of Colombo to date. Furthermore, given that
significant and unequivocal variability in IOM impact on envir-
onments located away from the core monsoon region has been
demonstrated (Premathilake and Risberg, 2003; Prasad et al., 2014;
Mishra et al., 2019), this dataset enables us to develop a more
spatially nuanced understanding of IOM impacts in South Asia.
Background, materials and methods
Study area and site
The climate of Sri Lanka can be divided into four seasons. This
includes two principal monsoon seasons that are the southwest
monsoon which occurs from May to September (annual rainfall
>2500mm) and the northeast monsoon that occurs from
December to February (annual rainfall <1750mm). In addition,
two inter‐monsoon seasons occur as a result of convections
occurring from March to April and October to November
(Malmgren et al., 2003). The mean annual temperature is around
27 °C and the annual rainfall is ~2500mm (Ranwella, 1995;
Malmgren et al., 2003). The annual rainfall on the island not only
defines the boundaries of its primary climate zones (i.e. wet, dry
and intermediate) but also its vegetation.
The Bolgoda Lake system is a semi‐closed brackish water
body (Ratnayake et al., 2017) located on the west coast of Sri
Lanka (6°40′56″–6°48′47″ N, 79°53′55″–79°58′25″ E; Fig. 1).
This lake drains a substantial area of 374 km2 wedged between
the western parts of the Kalu and Kelani River basins
(Ranwella, 1995). The lake consists of two interconnected
basins – the North Bolgoda Lake and South Bolgoda Lake.
North Bolgoda Lake is shallow and the average depth is ca.
2–3m (Gayantha et al., 2017). It is connected to the Indian
Ocean through a narrow estuary and the lake basin is located
c. 2 m a.m.s.l. The impact of wave action and currents is
negligible in the lake. However, limited seawater intrusion is
possible as a result of low lake levels during the dry season and
limited discharge into the lake (Ratnayake et al., 2018). The
catchment and the basement beneath the lake consist of low
permeability high‐grade metamorphic rocks charnockitic
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 1. The geographical location of Sri Lanka in the path of the Inter‐Tropical Convergence Zone (ITCZ) (top left), southwest and northeast
monsoon pathways and climate zones in Sri Lanka (right) and sampling location in the Bolgoda Lake (bottom left). [Color figure can be viewed at
wileyonlinelibrary.com]
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gneiss, biotite gneiss and undifferentiated Proterozoic gneiss
(GSMB, 1996).
The wet zone, where the Bolgoda Lake lies, is characterised
by rainforests and grasslands, whereas the dry zone is
characterised by semi‐evergreen forests, grasslands and shrubs,
and monsoon scrub jungles (Erdelen, 1988). Aquatic vegetation
in the lake consists of Potamogeton indicus, Aponogeton,
Limnophila and Nymphaea, whereas Utricularia, Bacopa,
Monochorai and Ceratopteris dominate the surrounding marshy
areas. These wetlands are flanked by bushy woodlands
consisting mainly of Anona, Melastoma, Memecylon, Wormia,
Osbeckia and Syzygium. Large trees are sparse and Sonneratia,
Dillenia and Cerbera are common. Nipa is the only naturally
occurring palm that covers a significant area along the lake
border (Ranwella, 1995). Mangrove vegetation, including
Avicennia, Rhizophora, Bruguiera and Sonneratia, is common
around the lake (Jayatissa et al., 2002). The lake is bordered by
small residential settlements that depend on agriculture. Rice is
the major food crop grown in the region and paddy fields cover
large parts of the catchment.
Sampling
The sampling location (06°45′32″ N, 79°55′09″ E) was
selected as the deepest point of North Bolgoda Lake and
marks the entry point of an inland stream into the northern
edge of the lake (Fig. 1). This location was selected after an
initial survey of the lake with a view to minimising the direct
influence of the Indian Ocean. A mechanical piston corer was
used to retrieve an undisturbed 4.1 m long sediment core.
Lithological characteristics (colour, grain size and sediment
texture) were recorded visually along with information on the
presence of carbonaceous shells, wood and charcoal
(Gayantha et al., 2017). The whole sediment core was sliced
into 0.5 cm sections and freeze dried before being processed
for the diagnostic biomarkers and pollen.
Age–depth model
We present a revised age model compared with Gayantha
et al. (2017), with a new mollusc shell 14C age at 25 cm depth
(F14C= 0.8442 ± 0.0041), analysed at the Max Planck Institute
for Biogeochemistry, Jena, Germany. Due to the close
proximity to the Indian Ocean, all the 14C dates in mollusc
shells were calibrated using the Marine13 curve (Reimer
et al., 2013) and corrected for the local marine reservoir age
(ΔR= 133± 65) based on data from the online Marine Reservoir
Database at Queen's University, Belfast, UK. The age–depth
model for the sediment core was developed based on the R
software package BACON (Blaauw and Christen, 2011) which
uses Bayesian statistics. In this revised model (Fig. 2), a boundary
was marked at 60 cm depth that indicates a significantly lower
accumulation rate to the top of the core. The boundary is not a
hiatus but represents a transition to an upper clayey interval with
low sedimentation. The mean accumulation rate for the section
between 395 and 60 cmwas 5 a/cm, whereas the section between
60 and 0 cm was 22 a/cm.
Biomarker analysis
Some 3–7 g of 40 freeze‐dried sediment samples were used to
extract the lipid fraction using dichloromethane and methanol
mixture (9:1 v/v) on a Dionex ASE 300 Accelerated Solvent
Extractor. The total lipid extract (TLE) was then concentrated
on a Büchi Syncore. The extract was dried under nitrogen and
weighed and re‐dissolved in 300 µl of dichloromethane
(DCM): isopropanol (IPA) mixture (2:1 v/v). The solid phase
extraction (SPE) technique was applied (see Ghosh et al., 2015)
with minor modifications to the original method proposed by
Wakeham et al. (2002) to separate the neutral and acid
fractions from TLEs using the aminopropyl LC‐NH2 cartridges
(Supelco). The neutral fraction was eluted with the DCM:IPA
mixture (2:1 v/v) and the solvent volume was reduced. The SPE
cartridge was further eluted for the acid fraction (fatty acids)
using 2% acetic acid in diethyl ether and the extract volume
was reduced. The acid fraction was derivatised with 14% BF3
in methanol at 100 °C for 2 h. The neutral fraction was further
separated into alkanes (non‐polar fraction) with 5 ml of
hexane. Alcohol and sterol (polar fraction) were eluted with
5ml of DCM:methanol (2:1 v/v) mixture using the Bond Elut
Alumina‐N cartridges (Supelco). After that, the extract volume
was reduced by evaporation on a Büchi Syncore and reduced
to dryness under nitrogen. The alkane fraction was re‐
dissolved in 1ml of hexane and then an aliquot of 180 µl of
the sample was spiked with 20 µl of internal standard
(deuterated‐tetracosane and androstane mixture) for quantifi-
cation. The polar fraction (alcohol and sterol) was derivatised
with bis(trimethylsilyl)trifluoroacetamide and pyridine and
heated at 70 °C for 2 h. The extracts were reduced to dryness,
re‐dissolved and spiked with internal standard mixture for
quantification as mentioned above.
The samples were analysed on an Agilent 6890N gas
chromatograph (GC) interfaced to a 5973 MSD mass spectro-
meter (MS) with a DB‐5 (5% phenyl methyl siloxane) fused silica
capillary column (30m length, 0.25mm inner diameter, 0.25μm
film thickness) at Linköping University, Sweden. The injector was
operated in splitless mode at 300 °C and 1 µl of the extract was
injected. The GC oven temperature was programmed for efficient
separation of fatty acids and neutral lipids (n‐alkanes, n‐alkanols
and sterols) and run separately (Ghosh et al., 2015). The MS was
operated at 70 eV under full scan mode (m/z 40–600) and
compounds in the samples were identified based on their
retention times and fragmentation patterns and compared with
their respective fragmentograms in the NIST MS Library (Version
2.0) and The Lipid Web (Christie, 2018). The n‐alkane standard
S4066 from CHIRON containing C14 – C32 alkanes) was injected
after every 10 samples to detect the instrument stability or drift in
retention times. One sample blank was also analysed after every
10 samples to detect contamination during the analytical
procedure.
Quantification of the biomarkers was done relative to the peak
area of deuterated androstane used as internal standard. Carbon
preference index (CPI), average chain length (ACL), and aquatic
plant index (Paq) were calculated to identify different OM
sources and alteration (Poynter and Eglinton, 1990; Meyers and
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Compound‐specific carbon isotope analysis
Stable carbon isotope (δ13C) analysis of individual n‐alkanes
(n‐C15 to n‐C33) was performed using a coupled gas
chromatograph isotope ratio mass spectrometer (GC‐IRMS)
system equipped with a 7890A gas chromatograph (Agilent
Technologies, Palo Alto, USA) and Delta V Plus Isotope Ratio
Mass Spectrometer (Thermo Fisher Scientific, Bremen,
Germany) at the Max Planck Institute for Biogeochemistry,
Jena, Germany. The GC was equipped with a DB1‐MS column
(30m length, 0.25 mm inner diameter, 0.25 mm film thick-
ness). The injector was operated in splitless mode at 280 °C
and 2 µl of the extract was injected. The GC oven was
maintained in accordance with a temperature programme for
efficient separation. Each sample was measured in triplicate
with a mixture of C15 to C33 n‐alkane standard mixture of
known isotopic composition after every sample (three GC
injections). Only peaks with an amplitude >150mV were used
for evaluation. The values were converted to the Vienna Pee
Dee Belemnite (V‐PDB) scale using the n‐alkane standard
mixture (offset correction). In addition, drift corrections were
applied, determined by standards after every sample (Werner
and Brand, 2001). The standard deviation of replicate
measurements for all peaks in the standard mixture was 1.2‰.
Pollen analysis
Pollen analysis is time‐consuming and it needs a large amount
of sample material. Hence, 16 samples were selected from key
intervals distributed in the four palaeoclimate zones originally
proposed in Gayantha et al. (2017) to support the biomarker‐
based interpretation and provide a general overview of the
vegetation cover in specific intervals. Laboratory treatment of
samples followed standard protocols (Fægri et al., 1989;
Moore et al., 1991) with some additional modifications
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 2. Revised age–depth model for the Bolgoda Lake, Sri Lanka. [Color figure can be viewed at wileyonlinelibrary.com]
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(see Anupama et al., 2014) in the Laboratory of Palynology &
Paleoecology, French Institute of Pondicherry, India. The
mounted slides were observed under a light microscope
(Olympus CHK) using 50x objective and the pollen samples
were identified and enumerated. The Thanikaimoni pollen
slide collection at the French Institute of Pondicherry and the
regional pollen floras formed the basis for identification.
Principal component analysis (PCA) was performed to ordinate
pollen data and identify the dominant vegetation patterns
using the statistical software package Canoco 5 for Windows
(Microcomputer Power, NY, USA). Pollen taxa >3% in any
sample was selected for the PCA.
Results
Chronology and climate zones
The revised age model did not change the suggested dates in
Gayantha et al. (2017) significantly but provided reliable
information for the section between 60 and 0 cm, which was
earlier extrapolated with uncertainty. According to the revised
age–depth model, the core revealed a depositional history of
~3000 cal a BP; the reservoir effect correction was calculated as
133± 65 years. This core was divided into four main climate
zones based on the bulk geochemical proxies presented in
Gayantha et al. (2017) and the new data in this study. These
zones were identified as Zone 1 (2960–2390 cal BP), Zone 2
(2390–1800 cal a BP), Zone 3 (1800–1318 cal a BP) and Zone 4
(1318 cal a BP – present) that explain climate variability and
changes in vegetation pattern and sedimentation rate.
Biomarker trends and ratios of n‐alkanes
The Bolgoda sediment core was characterised by a significant
presence of long‐chain n‐alkanes, n‐alkanols and n‐alkanoic
acids. n‐Alkanes and n‐alkanols had a unimodal distribution,
whereas n‐alkanoic acids indicated a bimodal distribution
(Fig. 3). The n‐alkanes were dominated by the odd‐number
homologues of n‐C29, C31 and C33, whereas n‐alkanols and
n‐alkanoic acids were dominated by even‐chain n‐C26, C28
and C30 homologues. C31 was the dominant n‐alkane, whereas
C28 and C26 peaks were dominant for alkanols and alkanoic
acids, respectively (Fig. 3 and Appendix 2). Variability in the
n‐alkane indices was more clearly distinct relative to
n‐alkanols and n‐alkanoic acids (see Appendix 2), and
therefore n‐alkanes were pursued for compound‐specific
isotope analysis (CSIA).
Paq (for n‐alkanes) showed a generally low average value of
0.19 and ranged from 0.08 to 0.47. Paq reached its maximum
value at 227 cm and showed two clear peaks at 240–215 cm
and 172–150 cm. Paq again increased at 15–0 cm (Fig. 4). The
ACL for n‐alkanes showed an opposite trend to Paq. The ACL
values ranged between 30.6 and 28.2 with a core average of
29.8. At 385–252 cm (Zone 1) and 160–140 cm (Zone 3) ACL
showed higher values. At the end of Zone 4 (from 15 cm to the
top of the core), ACL showed a clear decline. CPI values for
n‐alkanes were generally high (average 3.1) and ranged
between 1.3 and 4.3 with a strong odd/even predominance.
The odd/even predominance was more prominent for
long‐chain n‐alkanes than the short‐chain n‐alkanes. At
377–252 cm and 140–70 cm, CPI values were elevated with
a core upward increasing trend (Fig. 4).
Triterpenols
Taraxerol was the most abundant triterpenol identified. In
addition, β‐amyrin, lupeol, and germinicol were identified in
the sediment core, though they occurred at lower abundances.
Taraxerol content ranged from 58 ng/mg total organic carbon
(TOC) to 985 ng/mg TOC; the highest concentration of
taraxerol occurred from 366 to 379 cm. From 252 to 202 cm
the core showed an upward increasing trend and reached a
value of 836 ng/mg TOC at 202 cm (Fig. 4). β‐Amyrin was the
second most abundant triterpenol and ranged between 217
and 17 ng/mg TOC. Lupeol ranged between 2 and 31 ng/mg
TOC. Germinicol was the least abundant triterpenol and
ranged between 13.7 and 1.9 ng/mg TOC. The relatively less
abundant triterpenols displayed generally similar trends like
taraxerol.
δ13C isotopes in n‐alkanes
δ13C isotopes of n‐C33, n‐C31 and n‐C29 alkanes were selected
because the 13CO2 peaks of these n‐alkanes were detected
more evenly throughout the core. The long‐chain n‐C33, C31
and C29 alkanes had average δ
13C values of ‐32.3‰, ‐33.5‰,
and ‐32.2‰, respectively. The δ13C trends for C31 and C33
n‐alkanes showed generally similar patterns. In Zone 1, δ13CC33
and δ13CC31 were higher in the beginning and gradually
decreased up the core until 252 cm. Between 252 cm and
202 cm, δ13CC33 showed a clear and rapid core upward
increasing trend, which reached the maximum value
(−27.3‰) at around 202 cm. Between 160 cm and 140 cm,
δ13CC33 and δ
13CC31 indicated a short deviation (higher values)
and δ13CC31 reached its maximum value of ‐31.7‰. From
140 cm to 60 cm both δ13CC33 and δ
13CC31 showed a
decreasing trend. From 60 cm to the top of the core (Zone 1),
δ13C values of long‐chain n‐alkanes (C29, C31 and C33)
increased towards the top of the core. δ13CC29 values showed
a narrow fluctuation around its mean value (−32.2‰) except
between 252 and 202 cm where low values were clearly
indicated (−33.1‰; Fig. 4).
Pollen
We identified 100 different pollen taxa in the Bolgoda
sediments (see Appendices 3 and 4 for complete pollen taxa).
These included Mallotus, Phoenix, Syzygium, Areca and
Arecaceae, representative of trees in tropical dry evergreen
forests (TDEF), and others, such as Ixora, Randia, Rutaceae and
Ziziphus that represent woody shrubs. The pollen taxa
Rhizophoraceae and Avicenniaceae are representative of
mangrove vegetation, with the former being generally more
abundant throughout the core. Both TDEF and mangrove
pollen counts fluctuate throughout the core. Grasses were not
differentiated beyond the family level (Poaceae) and in any
case, they constitute the most consistently represented pollen
taxon in these sediments (18–42%). Pandunus, Typha and
Cyperacea pollen taxa represent a (freshwater) aquatic
environment and occur in a consistently low proportion
throughout the core (Fig. 6).
According to the PCA, principal component axes 1 and 2
account for 60% of the variation in pollen taxa. PC1 showed
positive scores with Ixora, Phoenix, Areca/Pinanga, Avicennia-
ceae, Randia and Syzygium and negative scores with
Arecaceae, Mallotus and Macarang. Grasses and sedges
indicated positive scores with PC2, whereas Rhizophoraceae,
Rutaceae, Cocos and Phyllanthus showed negative scores (Fig. 7).
PCA indicates that Avicenniaceae mangrove correlates well with
dry/deciduous forest pollen taxa in contrast to Rhizophoraceae.
The Bolgoda pollen data revealed three mangrove zones.
The zone extending from 365 to 290 cm was dominated
by Rhizophoraceae; 200–250 cm was dominated with
Avicenniaceae; and 10–25 cm consisted of Rhizophoraceae
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
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along with Pandunus – an aquatic freshwater taxon. Pandunus
was also identified between 150 and 170 cm in the Bolgoda
sediment core (Fig. 6).
Discussion
Palaeoenvironmental implications
Although the 4.1 m long sediment core from Bolgoda Lake
only captures the Late Holocene period (~3000 yrs BP),
the rapid sedimentation rate in the study area facilitates
high‐resolution reconstruction of palaeoclimate and palaeoen-
vironmental records for South Asia beyond the Indian
sub‐continent. The revised BACON model marks a boundary
at 60 cm depth identifying two significantly different sediment
accumulation rates below and above this boundary (Fig. 2).
In this study, we consider only the depths from 385 to 0 cm
for biomarker interpretation since core depth below 385 cm
consisted of weathered bedrock and the OM content was too
low to produce a reliable record. The distribution of n‐alkanes
in the Bolgoda sediments shows predominantly long‐chain
monomers (Fig. 3) that imply dominant contributions of
allochthonous OM and/or preferential degradation of short‐
chain monomers after deposition (Meyers, 2003).
The dominance of the n‐C31 alkane, followed by n‐C33,
throughout the core (Fig. 3), as well as the abundance of
pollen belonging to Poaceae (Fig. 6), indicates that grass was
the major vegetation cover in the catchment and became the
major source of OM input throughout the Late Holocene. The
positively correlated pollen taxa in PC1 mainly represent
woody plants dominant in tropical dry areas and include trees
(Syzygium, Areca), woody shrubs (Randia, Ixora), and
mangroves (Avicenniaceae; Fig. 7). Pollen belonging to
shrubs adapted to aridity and Avicenniaceae mangrove
showed a negative correlation with grasses, sedges and
Mallotus, Macaranga and Arecaceae trees (Fig. 7), which
prefer higher precipitation. This observation indicates the
adaptation of vegetation in response to changing climatic
conditions.
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)








































Figure 3. Gas chromatography–mass spectrometry chromatograms of n‐alkanes, n‐alkanoic acids, and n‐alkanols for selected depths in Bolgoda
Lake, Sri Lanka.
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Mangrove vegetation, palaeosalinity changes and
droughts
Salinity in Bolgoda Lake is mainly controlled by seasonal
variations in the IOM system rather than sea‐level changes
(Ratnayake et al., 2018). Moreover, existing limnological
studies have reported that the sea level around Sri Lanka has
been relatively stable during the last ~3000 yrs BP (Ranasinghe
et al., 2013). Hence, proliferation of mangroves interpreted
based on different proxies in the Bolgoda Lake record requires
an explanation. Salinity and sediment characteristics (i.e.
waterlogged inter‐tidal conditions) are two main factors that
control the growth of mangroves and their survival (Kumaran
et al., 2005; Ranawana, 2017). The abundance of mangroves
is thus an indication of high salinity and stagnant conditions in
the lake. These conditions are likely a product of increased
seawater intrusion and reduced freshwater input during
periods of low precipitation. During periods of high precipita-
tion, the lake became less saline due to high freshwater input
that reduced the mangrove cover (e.g. Parida and Jha, 2010;
Setyaningsih et al., 2019). Thus our study provides a new set of
proxy data, and a novel methodological approach for
determining aridity and salinity changes in tropics where
mangrove vegetation is, or has been, present.
Mangrove pollen and various triterpenols act as proxies for
tracking the changing abundance of mangrove vegetation around
Lake Bolgoda and the associated shifts in environmental and
hydrological conditions. Triterpenols identified in this core (i.e.
taraxerol, β‐amyrin, lupeol and germinicol) are mangrove‐specific
biomarkers (Versteegh et al., 2004; Ranjan et al., 2015; Ratnayake
et al., 2017). According to the pollen data, Rhizophoraceae and
Avicenniaceae are the two major mangrove pollen taxa in the
Bolgoda core. Notably, Avicenniaceae are highly salt tolerant and
can survive under a wide range of salinities. In addition,
Avicenniaceae also thrive under arid conditions (Goldstein and
Santiago, 2016). Therefore, the dominance of Avicenniaceae over
Rhizophoraceae pollen counts will indicate a significant increase
in lacustrine salinity and arid conditions.
Furthermore, the CSIA analysis of n‐alkanes provides
additional source‐specific information regarding palaeoenvir-
onmental conditions. Differences in the distribution of long‐
chain n‐alkanes in different types of vegetation can be
observed (e.g. mangroves and grasses; Ratnayake et al., 2019).
Normally, tropical grasses tend to dominate in long‐chain
n‐alkanes such as C31, C33 and C35 (Garcin et al., 2014 and see
also Fig. 5). Consistent with this trend, n‐C31 and n‐C33 alkanes
show a very strong correlation coefficient (r= 0.99) implying a
common origin (Appendix 1). Therefore, tropical grasses
growing in the catchment are probably the main source of
C31 and C33 n‐alkanes (e.g. Meyers, 2003; Garcin et al., 2014).
Despite the slight variation between different species,
mangrove‐derived OM is typically dominated by n‐C29
(mangrove leaves) and n‐C23 (mangrove wood) alkanes (He
et al., 2017; Ratnayake et al., 2019). Consistent with this line
of evidence, both taraxerol and β‐amyrin which are diagnostic
for mangroves, showed the highest correlation with n‐C29 and
n‐C23 alkanes and this further supports the interpretation about
OM sources and their variability.
The δ13CC33 record shows positive correlation with taraxerol
(r= 0.70, p< 0.01) and β‐amyrin (r= 0.61, p< 0.01). How-
ever, δ13CC31 shows a weak positive correlation with taraxerol
(r= 0.44, p< 0.01) and β‐amyrin (r= 0.32, p= 0.09) (Fig. 8).
Additional contributions of n‐C31 alkanes from a variety of
other sources perhaps explains the patterns. This observation
implies that grasses (represented by n‐C33 alkanes) have higher
δ13C values during periods with low precipitation that resulted
in high lake salinity, as inferred by dense mangrove vegetation
around the lake. Notably, tropical plants behave in two
different ways to survive during arid conditions or droughts.
Many terrestrial plants, including grasses, show isohydric
behaviour, which is closing of the stromata to minimise water
loss at the expense of reduced CO2 intake (Goldstein and
Santiago, 2016). However, mangrove vegetation possesses
special adaptations to extract freshwater from saline water,
and demonstrates anisohydric behaviour, i.e. opening of the
stromata to gain more CO2 at the expense of losing water
(Nguyen et al., 2017). This adaptation results in lower δ13C
values during periods of aridity, providing yet another proxy
for more saline and arid conditions in sporadic mangrove‐
dominated settings. This different arid/drought surveillance
adaptation in vegetation can cause shifts in δ13C values in
sediment records that can be precisely identified by their
dominant n‐alkane δ13C values (Douglas et al., 2012).
Palaeoclimate and palaeoenvironmental
reconstruction
The four zones identified in the Bolgoda Lake core based
on 14C chronology and different proxies, including those
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 4. Trends of mangrove pollen percentages, triterpenols
(taraxerol, β‐amyrin, and lupeol), carbon isotope values (δ13C‰) of
n‐C29, n‐C31 and n‐C33 alkanes, aquatic plant index (Paq), average chain
length (ACL) and carbon preference index (CPI) of n‐alkanes in Bolgoda
Lake, Sri Lanka. [Color figure can be viewed at wileyonlinelibrary.com]
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developed for determining the preponderance of mangrove
taxa, trace the catchment responses to variation in IOM
intensity during the Late Holocene.
Zone 1 (2960 to 2390 cal a BP; 385–252 cm)
This zone is dominated by allochthonous OM input from the
catchment according to biomarker trends. High CPI values
(average= 3.4, standard deviation (SD)= 0.6) and ACL (aver-
age= 30.4, SD= 0.3) of n‐alkanes together with low Paq values
(average= 0.13, SD= 0.04) in this zone suggest a limited
contribution of all types of macrophytes and enhanced input of
land‐derived OM (Fig. 4). These high values are most likely
due to intense rainfall leading to dense terrestrial vegetation as
well as high freshwater input from streams delivering
terrestrially sourced OM into the lake. According to the pollen
diagram, Zone 1 is mainly dominated by grasses and sedges,
together with trees of wet evergreen forests like Mallotus,
Arecaceae and Macaranga (Fig. 6). Rhizophoraceae are the
dominant mangrove vegetation and their pollen occurs in high
numbers (Fig. 4). This points to relatively low salinity and mild
environmental conditions.
Biomarker proxies (triterpenols) indicate that Zone 1 is rich in
mangrove‐derived OM with a higher abundance of taraxerol
(average= 486 ng/mg TOC), β‐amyrin (average= 95 ng/mg
TOC), and lupeol (11 ng/mg TOC) (Fig. 4). Towards the
beginning of this period, an increase of taraxerol can be
interpreted as dense mangrove vegetation. After this, taraxerol
shows a decreasing trend. Consistent with these trends, δ13C
values of grass‐derived n‐C33 (and partially n‐C31) alkanes
(average= 29.9‰; SD= 1.8 and average=−32.4‰; SD= 1.0,
respectively) show elevated values during the beginning of this
period with a decreasing trend over time (Fig. 4). With increasing
rainfall and wet conditions, grasses take up atmospheric CO2 and
freely open their stromata, leading to a decrease in the δ13CC33
values. Together, these proxies suggest an increase of freshwater
recharge into the lake and wet conditions, implying a high
intensity of IOM in Zone 1.
Zone 2 (2390 to 1800 cal a BP; 252–140 cm)
Several diagnostic biomarker trends can be distinguished in Zone
2 that trace the OM source inputs and palaeoenvironmental
conditions in Bolgoda Lake and its catchment. The decrease in
land‐derived OM supply can be observed as indicated by
biomarker signals and pollen data. Two excursions of Paq values
can be identified between 2334 and 2216 cal a BP (240–215 cm)
and between 1981 and 1856 cal a BP (172–150 cm), which
indicate significant input of lacustrine OM into the lake (Fig. 4).
This observation is also supported by the appearance of pollen
belonging to the aquatic plant taxa Pandunus and Typha
between 1971 and 1856 cal a BP (170–150 cm; Fig. 6).
The period between 2267 and 2061 cal a BP (226–186 cm) is
characterised by elevated values of triterpenols, signifying
the presence of dense mangrove vegetation around the lake.
The notable dominance of Avicenniaceae over Rhizophoraceae
pollen indicates that high salinity and arid/drought‐like condi-
tions prevailed in the catchment (Fig. 4). In addition, shrubs of
Randia and Ixora, characteristic of arid environments, are also
common in this section. Arid conditions are further supported
by the δ13C values of C33 and C29 n‐alkanes. The n‐C33 alkanes
mainly derived from grasses show higher, arid‐stressed δ13C
values. Due to the abundance of mangrove vegetation during
this period, and less input of land‐derived OM as a result of low
stream recharge, the n‐C29 alkanes are derived dominantly from
mangroves that have lower δ13CC29 values under conditions of
increased aridity (Fig. 4).
The period extending from 2067 to 1800 cal a BP (187–
140 cm) is characterised by a decrease in triterpenols and
δ13CC33 values, indicating a decline of mangrove vegetation
and termination of the drought. Consistent with this trend, the
emergence of Pandunus and Typha in this sub‐zone supports
more freshwater input into the lake. In addition, grasses and
sedges (Poaceae and Cyperaceae) increase again. Overall, this
zone is characterised by abrupt changes of climate and
environmental conditions.
Zone 3 (1800 to 1318 cal a BP; 140–60 cm)
The biomarker proxies Paq, ACL, and CPI for n‐alkanes in Zone
3 show generally similar trends to those seen in Zone 1 (Fig. 4).
Low Paq values (average= 0.16, SD= 0.03) with high ACL
(average= 30, SD= 0.2) and CPI values (average= 3.5, SD=
0.5) of n‐alkane indicate that this period is characterised by a
high input of land‐derived terrestrial plants, and limited
contributions from autochthonous aquatic plants. In addition,
δ13CC33 and δ
13CC31 alkanes show more negative values
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 5. n‐Alkane distribution of main organic matter sources
(mangrove and grasses) in Bolgoda Lake catchment.
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(average= −34.1‰; SD= 1.2 and average ‐34.5‰; SD= 0.8,
respectively), implying wet conditions (Fig. 4). In contrast to
Zone 1, however, Zone 3 shows a clear decline in mangrove‐
derived triterpenols (average values of taraxerol= 228 ng/mg
TOC, β‐amyrin= 63 ng/mg TOC, lupeol= 8 ng/mg TOC).
According to the mangrove pollen data, both Rhizophoraceae
and Avicenniaceae pollen are present in relatively low
numbers in this zone. However, Rhizophoraceae are more
abundant than Avicenniaceae (Fig. 4). The results imply that
mangrove vegetation around the lake was sparse. This period
was least favourable for the proliferation of mangroves,
possibly due to increased freshwater supply and less stagnation
in the water body. Consistent with this, the period was
dominated by trees characteristic of wet evergreen forests,
including Areca, Mallotus, Macaranga, Phoenix and Syzygium
in the catchment. While the catchment has an abundance of
major trees, mangrove vegetation is relatively low during this
period. Thus, this zone is suggested to have a strong IOM
intensity and overall wet conditions.
Zone 4 (1318 cal a BP to present; 60–0 cm)
In this zone, n‐alkane ACL (average = 30, SD = 0.5) and CPI
(average = 3.2, SD = 0.4) values are high, with a decreasing
trend up the core, implying a decline in the supply of land‐
derived OM. In contrast to this trend, Paq values (average =
0.19, SD = 0.06) increase up the core c. 566 cal a BP to the
present (15–0 cm). From 566 cal a BP to present (15–0 cm),
n‐alkane ACL and CPI show a clear decline in their values,
implying an increase in the contribution from macrophytes in
the lake (Fig. 4). Therefore, the period between 1318 and
566 cal a BP (60–15 cm) can be considered as one dominated
by the input of more allochthonous OM. In contrast, the top
part of the core (15–0 cm, 566 cal a BP – present) is
characterised by an enhanced contribution of autochthonous
OM.
The pollen data indicate that Rhizophoraceae dominate
alongside an increase in Pandunus during the period
754–465 cal a BP (25–10 cm; Fig. 6). However, relatively low
concentrations of mangrove‐specific triterpenols contradict the
information provided by pollen data, especially between 754
and 465 cal a BP (25–10 cm). Notably, the low accumulation
rate in Zone 4 introduces a bias resulting in high pollen counts
and may not reflect the true information about the vegetation
cover. Therefore, we rely mostly on the biomarker and stable
isotope records in this zone to reconstruct the palaeoenviron-
mental changes. Despite the fact that mangrove‐derived
triterpenols show only a slight increase in Zone 4, δ13CC33
and δ13CC31 measurements show a clear increasing trend
(average=−33.5‰, SD= 1.1 and −34.0‰, SD= 0.7, respec-
tively), suggesting dry conditions in the catchment (Fig. 4). Zone
4 generally represents a wet period with a weakening in rainfall
intensity from 754 cal a BP towards the present that is validated
by instrumental records for the last century obtained from the
western slopes of the highlands (de Silva and Sonnadara, 2016).
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 6. Pollen diagram of Bolgoda Lake (pollen taxa contains more than 3% in any sample are shown here). [Color figure can be viewed at
wileyonlinelibrary.com]
Figure 7. Principal component analysis biplot for selected pollen taxa
(>3%) in Bolgoda Lake.
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South Asian comparisons and potential human
implications
The palaeoclimatic and palaeoenvironmental shifts observed in
the Bolgoda Lake record align with observations from other
climate archives for Late Holocene changes in South Asia.
Significantly, aridity noted in Zone 2 between 2334 and
2061 cal a BP, closely correlates with a record based on pollen
and microfossils reported in Kodina, India, that is located in the
core monsoon region (Farooqui et al., 2013). In addition,
regional records including the peat deposit from Horton
plains (Premathilake and Risberg, 2003), Pookode Lake
(Veena et al., 2014) and Lonar Lake (Prasad et al., 2014) show
a climatic transition from wet to dry conditions around 2000 yrs
BP (also see comparison of regional Late Holocene climate
records in Gayantha et al., 2017). This correlation provides
further support for the assertion that the increasing aridity,
salinity and the growth of mangrove vegetation around
Bolgoda Lake at this time are related to the weakening of the
IOM, and that the Bolgoda Lake records palaeoenvironmental
changes that reflect the IOM variability.Detailed regional
reconstruction of IOM fluctuations and their impacts on
environments will potentially enable the more effective
© 2020 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., 1–12 (2020)
Figure 8. Correlation between major triterpenols (taraxerol and β‐amyrin) and carbon (δ13C‰) isotope values of n‐C25, n‐C29, n‐C31 and n‐C33
alkane. [Color figure can be viewed at wileyonlinelibrary.com]
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association of palaeoenvironmental data with that derived from
archaeology and history. In a broader South Asian context,
fluctuations in aridity, notably between 3000 and 2000 years
ago on the Indian sub‐continent, have been associated with
changing Iron Age subsistence and settlements in arid regions
such as the southern Deccan (1200–300 BC; Ponton et al., 2012;
Roberts et al., 2015), that encouraged sedentary populations
to congregate near reliable watercourses (1200–300 BC;
Johansen, 2010; Bauer, 2014), and more mobile strategies to
flourish elsewhere (Roberts et al., 2015). In a Sri Lankan
context, there remains a question as to whether the rise and
fall of the UNESCO world heritage sites of Anuradhapura
(c. 2500–1000 years ago) and Polonnaruwa (c. 900–700 years
ago) were associated with responses to a variable IOM in a
part of the island prone to prolonged droughts (Gilliland
et al., 2013).
In general, the Bolgoda Lake record seems to suggest that the
wet zone of Sri Lanka was relatively resilient to changes in the
IOM observed elsewhere, particularly between 3000 and 2000
years ago. We do identify clear increases in aridity and a
reduction in IOM intensity in Zone 2 (between 2334 and
2061 cal a BP), correlating to the written historical records in Sri
Lanka (Mahavansha, Sihalavatthu Pakarana) that refer to
Beminitiya Saaya, or the Great Famine, which occurred at
the end of the first century BC (between 103 and 89 BC) due to
severe drought (Shaw and Nguyen, 2011). Similarly, a weaker
IOM c. 1318–566 cal a BP in Zone 4 may have framed shifts in
the political capital of Sri Lanka from Anuradhapura and
Polonnaruwa in the northern dry zone towards the wet zone of
Kandy (Lucero et al., 2015; Roberts, 2019). Yet, while the
Bolgoda Lake record does show shifts in IOM intensity, the
ultimate implications for the local environments seem to be
relatively minor, with a constant input of freshwater and
surrounding vegetation, which is perhaps what made the wet
zone so attractive for growing populations from 900 AD
onwards (Lucero et al., 2015). To properly test this hypothesis,
however, a high‐resolution, human‐relevant palaeoenviron-
mental record is sorely needed from the north of Sri Lanka,
given the highly divergent influences of the southwest and
northeast monsoon in different parts of the island.
Conclusions
Our study reconstructs ~3000 a BP of detailed palaeoclimate
and palaeoenvironmental changes in the Bolgoda Lake
catchment in southwestern Sri Lanka. Using multiple proxies,
including a novel combination of proxies for mangrove
abundance, we have been able to reconstruct the watershed
vegetation, lake salinity changes and variation in OM source
inputs. A combined analysis of these proxies reveals the
fluctuation between wet and dry conditions alongside IOM
intensity. Fluctuations in the IOM intensity critically influ-
enced the salinity variation that led to changes in the type and
density of associated mangrove vegetation. Grasses and some
major trees demonstrate lower abundances in the catchment
during periods of weak rainfall. Our study demonstrates that
the compound‐specific carbon isotope values of long‐chain
n‐alkanes can be used to trace the fluctuations in aridity.
However, it is very important to identify the dominant sources
of specific n‐alkanes, with the support of other proxies such as
specific sterols (triterpenols) and/or pollen to correctly interpret
the climate signals in Sri Lanka.
Our results indicate two key periods of monsoonal variation
during the Late Holocene. From c. 3000 to 2400 cal a BP,
precipitation increased, and its intensity strengthened. After that,
the rainfall showed an overall weakening trend with rapid, abrupt
changes between c. 2400 and 1800 cal a BP. These trends
correlate both with other palaeoenvironmental records influ-
enced by the IOM from South Asia and historically recorded
ancient droughts in Sri Lanka, though more testing is required to
determine the actual consequences of these precipitation shifts
on human behaviour/settlements. After 1800–1300 cal a BP,
rainfall apparently increased in the vicinity of Bolgoda Lake with
a gradual weakening trend until the present.
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